INTRODUCTION {#s1}
============

The unraveling of the genetic etiology of Crohn\'s disease (CD; OMIM\#266600) provides a paradigmatic example of the successful establishment of a genetic risk map ([@MCS002428LIPC63]) for a polygenic human trait. More than 70 disease loci were identified and validated so far, mostly by genome-wide association studies (GWASs) or meta-analyses ([@MCS002428LIPC21]; [@MCS002428LIPC31]) and some by exome sequencing ([@MCS002428LIPC47]; [@MCS002428LIPC18]; [@MCS002428LIPC20]).

It has been increasingly recognized that very-early-onset inflammatory bowel disease (veoIBD) ([@MCS002428LIPC32]) is a phenocopy of adult sporadic IBD in most aspects but represents a unique disease entity. It is defined by an onset of the disease at \<6 yr of age ([@MCS002428LIPC51]) and is frequently caused by rare genetic variants with high penetrance. Mutations predisposing to veoIBD have been identified in component genes of the reactive oxygen species (ROS)-producing nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase complex---namely, *NCF4* ([@MCS002428LIPC48]), *NCF2/RAC2* ([@MCS002428LIPC52]), *NOX2* ([@MCS002428LIPC16]), and *Duox2* and *NOX1* ([@MCS002428LIPC28]; [@MCS002428LIPC56]; [@MCS002428LIPC64]). Impaired NADPH oxidase--mediated ROS generation is associated with higher bacterial load and a defective host immune response ([@MCS002428LIPC8]). Other veoIBD variants were identified in *IL10R* ([@MCS002428LIPC24]), *IL10* ([@MCS002428LIPC25]; [@MCS002428LIPC36]), *ADAM17* ([@MCS002428LIPC10]), *XIAP* ([@MCS002428LIPC77]; [@MCS002428LIPC80]), *TTC7A* ([@MCS002428LIPC5]), and *TRIM22* ([@MCS002428LIPC42]).

In our study, a trio comprising a boy with severe, veoIBD with a CD-like phenotype and his unaffected parents were subjected to whole-exome sequencing and whole-genome-based analysis. Based on previous findings in veoIBD ([@MCS002428LIPC72]), we hypothesized that an oligogenic rather than polygenic background would underlie the etiology in this extreme case. Here, we report the identification of a rare, X-linked missense mutation in *NOX1* and of a common missense variant in *CYBA*/p22phox. Using a combination of functional assays, we show that the variants may jointly affect innate immune function in epithelial cells, which may in turn lead to disturbed mucosal barrier function.

RESULTS {#s2}
=======

Clinical Presentation and Family History {#s2a}
----------------------------------------

The patient was a firstborn male delivered by lower segment cesarean because of cephalopelvic disproportion (birth weight: 8 lb, 2 oz). No gastrointestinal diseases or other chronic inflammatory disorders had been reported in the family for the past two generations. At 2 wk, the child had a first episode of diarrhea. Because of blood in the stool at the age of 6 mo, a pediatric gastroenterologist suggested exclusion of cow milk, wheat, and soy from the diet. Bleeding continued but the child developed well and gained weight normally. At the age of 2 yr, his symptoms worsened and colonoscopy revealed unspecific colitis (indeterminate colitis). Immunosuppressive therapy with varying doses of glucocorticoid and/or azathioprine was given for 9 mo, with a markedly refractory course of the disease. At 4½ yr of age, he developed septicemia, severe anemia (hemoglobin: 4 mg/dL), and persistent diarrhea. Colonoscopy revealed acute ileocolitis with clear macroscopic hallmarks of CD. He was then treated with prednisolone, subcutaneous methotrexate, and infliximab but despite maximum therapy continued to have active disease at a second colonoscopy several months later. A change from infliximab to adalimumab improved the patient\'s condition and when combined with methotrexate and intermittent prednisolone stabilized the disease. Following genetic counseling, the family consented to whole-genome sequencing (WGS). Except the patient, no other relatives were genetically examined.

Genomic Analyses {#s2b}
----------------

WGS resulted in \>170 Gb of raw genomic data and an average coverage of 34×--40× of the reference sequence was achieved, comparable to previously published genomes ([@MCS002428LIPC22]; [@MCS002428LIPC58]; [@MCS002428LIPC23]). With a mapped total of 105--113 Gb per individual, \>99.5% of the respective genomes was covered by at least one read, and \>83% was covered by at least 20 reads ([Supplemental Table S1](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)).

Principal component analysis (PCA) based upon whole-genome data placed the trio closest to the European population ([Supplemental Fig. S1](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)). An average of 3.34 million SNVs per individual were called using the BioScope Software (Life Technologies, Applied Biosystems). Applying strict filtering for variants only present in the patient, 23 potential de novo coding variants were identified in the patient. However, none of these could be confirmed by Sanger sequencing, underscoring the necessity of Sanger confirmation of next-generation sequencing (NGS) variants as stated by [@MCS002428LIPC50].

In total, 15,545 exonic SNVs were detected in the patient. Several rounds of filtering were applied to his SNVs to identify potentially causative variants. This included filtering for novel or rare potentially functional variants occurring either de novo in the patient, homozygous in the patient and heterozygous in the parents, or compound-heterozygous in the patient. We also focused on genes of interest including those related to immunodeficiencies, IBD and known disease genes for Wiskott--Aldrich syndrome (WAS), immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX), hyper-IgM syndrome, C1 esterase inhibitor deficiency, and X-linked agammaglobulinemia and numerous CD-like monogenic syndromes. However, despite pursuing various different approaches, no plausible candidates could be identified.

Whole-Exome Sequencing {#s2c}
----------------------

Some 59 to 78 million reads were generated for each sample, resulting in an average on-target coverage between 46× and 62×. More than 92% of the target was covered by at least 10 reads in all samples ([Supplemental Table S2](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)).

Multisample variant calling of the trio yielded a total of 81,177 on-target variants, of which 61,654 were present in the patient. We first filtered for nonsynonymous variants (i.e., missense, nonsense, start-loss, stop-loss, and splice-site variants as well as frameshift insertions and deletions \[indels\]), retaining 12,065 variants. Further filtering was conducted according to the variant frequencies provided by the Haplotype Reference Consortium (HRC) ([@MCS002428LIPC19]), the Exome Aggregation Consortium (ExAC) ([@MCS002428LIPC38]), KAVIAR ([@MCS002428LIPC26]), and the 1000 Genomes Project ([@MCS002428LIPC2]), allowing a maximum minor allele frequency of 1%. This filtering step reduced the number further to 1821 variants. To identify candidate variants among these, we used several gene lists based upon selected publications, focusing on monogenic IBD ([@MCS002428LIPC70]; [@MCS002428LIPC72]; [@MCS002428LIPC9]; [@MCS002428LIPC71]) and primary immunodeficiency genes ([@MCS002428LIPC4]; [@MCS002428LIPC11]; [@MCS002428LIPC32]; [@MCS002428LIPC60]). The remaining 21 variants ([Supplemental Table S3](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)) were examined regarding their presence in the sequenced trio and likely mode of inheritance of any associated phenotype. A rare missense variant (p.R241C) in the *NOX1* (NADPH Oxidase 1) gene was present in heterozygous state in the mother and in hemizygous state in the patient. This variant had not been detected in WGS and visual inspection of the alignment revealed low coverage of this position as the probable cause, although both alleles were actually present in a small number of reads. The *NOX1* variant was predicted to be damaging by FATHMM ([@MCS002428LIPC65]) and had a minor allele frequency of 0.002 in the ExAC and KAVIAR databases and was not present in the HRC and 1000 Genomes data ([Table 1](#MCS002428LIPTB1){ref-type="table"}).

###### 

Variants detected in the exomes of a veoIBD trio (after filtering)

  Gene     Chromosome   HGVS DNA reference      HGVS protein reference    Variant type    Predicted effect FATHMM  dbSNP/dbVar ID   Genotype     Parent of origin
  -------- ------------ ----------------------- ------------------------- -------------- ------------------------- ---------------- ------------ ------------------
  *NOX1*   Chr X        NM_007052.4:c.721C\>T   NP_008983.2:p.Arg241Cys   Missense               DAMAGING          rs142303829      Hemizygous   Mother
  *CYBA*   Chr 16       NM_000101.2:c.214T\>C   NP_000092.2:p.Tyr72His    Missense               DAMAGING          rs4673           Homozygous   Mother/ father

The other 20 filtered variants were present in heterozygous state and defects in the respective genes were reported in the literature either to follow a recessive mode of inheritance or to cause dominant disease phenotypes not fitting that of the patient ([Supplemental Table S2](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)). We therefore deemed the *NOX1* variant the most likely candidate for causing disease in the patient. We also filtered for variants in genes encoding the other proteins involved in the NOX1 complex (*NOXA1*, *RAC1*, *NOXO1*, and *CYBA*). We discovered a common variant (p.Y72H) with an allele frequency of 0.69 (gnomAD) in the *CYBA* gene encoding for p22phox, for which the parents were heterozygous and the patient was homozygous ([Table 1](#MCS002428LIPTB1){ref-type="table"}).

In a structural model of the NOX1 NADPH oxidase, the R241C variant was found to create a loss of positive charge in the extracellular loop between the fifth and sixth transmembrane helix ([Fig. 1](#MCS002428LIPF1){ref-type="fig"}). The variant may interfere with an adjacent N-glycosylation site (236--239) or have a structural effect upon a potential disulfide bond (C243--C257). The Y72H variant detected in p22phox likely locates in the cytosolic amino-terminal tail of the protein, although the number of transmembrane helices is still unclear ([@MCS002428LIPC67]). The variant is located close to a predicted protein--protein binding site (K58--K71; [@MCS002428LIPC53]) and within an invariant structural motif ([@MCS002428LIPC69]). It was previously detected in a haplotype shown to decrease ROS generation ([@MCS002428LIPC8]).

![Schematic illustration of NOX1 R241C and p22phox Y72H localization. Predicted topology of the NADPH oxidase complex and position of the patients' variants: NOX1 is stabilized in the membrane by p22phox. Upon stimulation, recruitment of regulatory subunits NOXO1, NOXA1, and RAC proteins triggers catalysis. NOX1 variant R241C locates on the extracellular loop between transmembrane helix V and VI, adjacent to an N-glycosylation site (cyan star, pos. 236--239). In the structural model of p22phox, the Y72H variant is predicted to locate on the cytosolic side.](MCS002428Lip_F1){#MCS002428LIPF1}

We also filtered variants specifically for their occurrence in the two established IBD genes, *NOD2* and *ATG16L1*, and detected three heterozygous *NOD2* variants and one heterozygous *ATG16L1* variant in the patient, all of which he had inherited from one of his parents ([Table 2](#MCS002428LIPTB2){ref-type="table"}).

###### 

Variants detected in the exomes of a veoIBD trio specifically filtered for their occurrence in the two established IBD genes, *NOD2* and *ATG16L1*

  Father   Mother    Patient   Position          Gene        Function     Consequence         HRC      ExAC     KAVIAR   1000G    DANN   FATHMM
  -------- --------- --------- ----------------- ----------- ------------ ------------------- -------- -------- -------- -------- ------ --------
  wt/Y     mut/wt    mut/Y     Chr X:100117243   *NOX1*      Missense     c.C721T; p.R241C    --       0.0024   0.0021   --       0.92   D
  mut/wt   mut/wt    mut/mut   Chr 16:88713236   *CYBA*      Missense     c.T214C; p.Y72H     0.6602   0.6952   0.6726   0.6643   0.99   D
  mut/wt   mut/mut   mut/wt    Chr 2:234183368   *ATG16L1*   Missense     c.A550G; p.T184A    0.5253   0.4527   0.4572   0.3960   0.71   T
  mut/wt   mut/wt    mut/wt    Chr 16:50744624   *NOD2*      Missense     c.C802T; p.P268S    0.2593   0.1775   0.1819   0.1020   0.32   T
  mut/wt   mut/wt    mut/wt    Chr 16:50745199   *NOD2*      Synonymous   c.C1377T; p.R459R   0.2609   0.1793   0.1867   0.1076   0.37   --
  mut/wt   wt/wt     mut/wt    Chr 16:50756540   *NOD2*      Missense     c.G2722C; p.G908R   0.0116   0.0092   0.0097   0.0046   1.00   T

The search for potential de novo mutations in the patient yielded 298 candidates. However, after visual inspection of the alignment at these positions, none of the variants could be confirmed.

Functional Analysis of NADPH Oxidase Complex Variants {#s2d}
-----------------------------------------------------

Using the strategy outlined above, we identified a potentially damaging variant in *NOX1* and a common variant in *CYBA* (p22phox) in the veoIBD patient. Other rare variants in *NOX1* had been previously associated with veoIBD ([@MCS002428LIPC28]); however, the functional significance of the R241C NOX1 variant identified in the present study was unclear. Moreover, it was found to be of only very low frequency in public databases. The recurrence of the mutation in a second veoIBD case would be a strong argument for its role in disease. However, because no other cases of veoIBD carrying this variant were found, we decided to study the functional consequences of the R241C variant in NOX1 and the Y72H variant in p22phox in the present patient in more detail. We established plasmids encoding either NOX1 or p22phox wild-type (wt) or the R241C and Y72H variant, respectively. As expected, overexpressed wt forms of NOX1 and p22phox predominantly localized to the plasma membrane in Caco-2 cells and no alterations in their subcellular localization were observed when either R241C or Y72H variants were overexpressed ([Fig. 2](#MCS002428LIPF2){ref-type="fig"}A). In view of the superoxide-generating function of the NOX1 NADPH oxidase complex, we first analyzed ROS production by wt and mutant forms of NOX1 and p22phox using a chemiluminescent assay. Caco-2 cells were transfected with either wt or mutant forms of NOX1 and p22phox and treated with the luminol derivative L-012 to detect ROS generation. Both NOX1 and p22phox are activated in response to TNF-α ([@MCS002428LIPC34]; [@MCS002428LIPC79]). Thus, we used TNF-α in order to induce ROS production of cells. As expected, we found that overexpression of either NOX1 or p22phox wt resulted in increased superoxide levels ([Fig. 2](#MCS002428LIPF2){ref-type="fig"}B). ROS levels were even higher when NOX1 and p22phox wt were simultaneously overexpressed. Cells that were transfected with either single R241C or Y72H or both variants failed to induce ROS. Next, we determined if NADPH oxidase--mediated antibacterial effects were compromised by the alleles present in the patient. In line with our expectations, compared to control, overexpression of NOX1 and p22phox wt led to strongly reduced number of cytoinvasive bacteria in a gentamycin protection assay after *Listeria monocytogenes* infection. Of note, the combination of wt NOX1/Y72H p22phox or R241C NOX1/wt p22phox still significantly reduced the number of cytoinvasive bacteria, whereas the combination of R241C NOX1/Y72H p22phox failed to do so ([Fig. 2](#MCS002428LIPF2){ref-type="fig"}C). This indicates that the combination of the two variants abrogates NADPH oxidase-mediated antibacterial activity and that their synergistic interaction may contribute to the patient\'s phenotype. In addition, this finding suggests that reduced antibacterial activity may predispose to an increased intracellular bacterial load. Higher bacterial burden of the intestinal epithelium leads to excess of bacterial breakdown products such as muramyl dipeptide (MDP), the elicitor of the pattern-recognition receptor NOD2.

![Functional characterization of NOX1 and p22phox variants. (*A*) Immunofluorescence staining of Caco-2 cells expressing either NOX1 wt (red, *upper* panel, *left* part) or NOX1 R241C (red, *upper* panel, *right* part) and either p22phox wt (red, *lower* panel, *left* part) or p22phox Y72H (red, *lower* panel, *right* part). DAPI was used for nuclear counterstaining. Scale bar, 50 µM. (*B*) Genotype-dependent TNF-α-induced superoxide production by NOX1 wt/R241C, p22phox wt/Y72H, and combined NOX1 + p22phox wt/wt or /R241C + Y72H in Caco-2 cells normalized to cellular protein levels. NADPH oxidase inhibitor DPI served as control. Data are representative of three independent experiments (mean of at least six in-plate replicates): (\*) *P* \< 0.05, (\*\*) *P* \< 0.01, and (\*\*\*) *P* \< 0.001. (*C*) Bacterial invasion in Caco-2 cells expressing NOX1 + p22phox wt, NOX1 + Y72H p22phox, R241C NOX1 + wt p22phox, or NOX1 + p22phox variants, normalized to cellular protein levels. Data are representative of three independent experiments (mean and SD of at least three in-plate replicates): (\*) *P* \< 0.05, (\*\*) *P* \< 0.01.](MCS002428Lip_F2){#MCS002428LIPF2}

Identification of p22phox as a Novel NOD2 Interactor {#s2e}
----------------------------------------------------

We have previously reported that NOD2 is involved in ROS generation via the NADPH oxidase DUOX2 ([@MCS002428LIPC44]). In addition to DUOX2, several components of the NADPH oxidase complex, including neutrophil cytosolic factor (NCF1), cytochrome *b*-245 β (CYBB), and NADPH oxidase activator 1 (NOXA1), have been identified as positive regulators of the NOD2 signaling pathway in a genome-wide siRNA screen ([@MCS002428LIPC76]). Therefore, we investigated the possible link between NOD2 and NOX1/p22phox in more detail. We monitored expression levels of *NOX1* and *CYBA* (p22phox) in response to MDP and found that stimulation with MDP led to a slight, but statistically significant up-regulation of both transcripts ([Fig. 3](#MCS002428LIPF3){ref-type="fig"}A). At the protein level, p22phox markedly increased after MDP stimulation ([Fig. 3](#MCS002428LIPF3){ref-type="fig"}B). Next, we determined whether NOX1/p22phox and NOD2 colocalize and physically interact. Immunofluorescence showed that NOD2 and p22phox as well as NOD2 and NOX1 colocalize in transfected cell lines ([Supplemental Fig. S2](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)). Because the patient could not be recalled, we used inflamed and noninflamed intestinal biopsies from patients with CD for our immunohistological analyses. In the inflamed tissue, we observed colocalization of NOD2, NOX1, and p22phox in epithelial cells ([Fig. 3](#MCS002428LIPF3){ref-type="fig"}C), whereas the proteins did not colocalize under noninflamed conditions. We then performed coimmunoprecipitation studies and confirmed an interaction between NOD2 and p22phox proteins at the semiendogenous level ([Fig. 4](#MCS002428LIPF4){ref-type="fig"}A), even though we were unable to detect NOX1 (data not shown). When we mapped NOD2 for domains interacting with p22phox using coimmunoprecipitation, we found that the carboxy-terminal LRR and central NBD domains are indeed required for the interaction ([Supplemental Fig. S3](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1)).

![NOX1/p22phox induction and colocalization with NOD2. (*A*) MDP-induced *NOX1* and *CYBA* expression in Caco-2 cells transfected with NOD2. Data are representative of three independent experiments (mean and SD of four in-plate replicates): (\*) *P* \< 0.05, (\*\*) *P* \< 0.01, and (\*\*\*) *P* \< 0.001. (*B*) MDP-induced p22phox expression in Caco-2 cells transfected with NOD2. (*C*) Coimmunofluorescence staining of NOX1 (green), NOD2 (red), and p22phox (purple) in biopsy samples from the terminal ileum of inflamed mucosa tissue from inflamed or noninflamed Crohn\'s disease patients (*upper* panel) or healthy individuals (*lower* panel). For negative control, primary antibodies were omitted. Scale bar, 50 µM. Data are from two patient samples.](MCS002428Lip_F3){#MCS002428LIPF3}

![NOX1/p22phox interaction and functional cross talk with NOD2. (*A*) Semiendogenous coimmunoprecipitation of endogenous p22phox or irrelevant IgG from whole-cell lysates of NOD2-transfected HEK293 cells at 48 h after transfection with NOD2 and 2 h after stimulation with 10 µg/mL MDP or no treatment, followed by western blot analysis of NOD2 and p22phox. (*B*) Western blot and densitometric analysis of MDP-mediated IκB-α degradation in Caco-2 cells transfected with either NOX1 and p22phox wt or mutant forms in addition to plasmids encoding NOD2. Cells were either stimulated for 15, 30, or 60 min using 1 µg/mL MDP or left untreated. (*C*) MDP-induced NF-κB luciferase activity in Caco-2 cells transfected with either NOX1 and p22phox wt or mutant forms in addition to plasmids encoding NOD2. Stimulation was carried out for 24 h using 100 ng/mL or 1 µg/mL MDP or cells were left untreated. Luciferase activity was normalized to cellular protein levels. (*D*) MDP-induced IL-8 release in Caco-2 cells transfected with either NOX1 and p22phox wt or mutant forms, in addition to plasmids encoding NOD2 as assessed by ELISA. MDP stimulation was carried out for 24 h using 1 µg/mL MDP or cells were left untreated. IL-8 levels were normalized to cellular protein content. Data are representative of two (*C*,*E*) or three (*D*) independent experiments (mean and SD of six in-plate replicates): (\*) *P* \< 0.05, (\*\*) *P* \< 0.01, and (\*\*\*) *P* \< 0.001.](MCS002428Lip_F4){#MCS002428LIPF4}

NADPH Oxidase Complex Variants Influence NOD2-Mediated Immune Response {#s2f}
----------------------------------------------------------------------

To study the impact of the allelic variants on the MDP-induced proinflammatory response via NF-κB activation, we first determined genotype-dependent effects on IκBα degradation, following MDP stimulation ([Fig. 4](#MCS002428LIPF4){ref-type="fig"}B). Cells that solely expressed NOD2 showed an MDP-induced time-dependent decrease of IκBα levels, as expected. Additional expression of NOX1 and p22phox wt induced a constant reduction of IκBα levels, indicating elevated NF-κB activation. In contrast, mutant forms failed to induce NF-κB activation. In a second step, we used luciferase reporter assays to measure NF-κB activation ([Fig. 4](#MCS002428LIPF4){ref-type="fig"}C). NOX1 and p22phox wt significantly increased NF-κB levels, compared to control, whereas the mutant forms failed to enhance MDP-induced NF-κB activation. Finally, we examined MDP-induced IL-8 secretion ([Fig. 4](#MCS002428LIPF4){ref-type="fig"}D). NOX1 and p22phox wt further increased MDP-mediated IL-8 secretion, which was abrogated when the mutant forms were coexpressed with NOD2. Thus, we could confirm a genotype-dependent differential modulation of NF-κB activation in which NOX1 and p22phox act as positive regulators.

In summary, we identified a rare and a common missense variant in the NADPH oxidase complex components NOX1 and p22phox, respectively, in a male veoIBD patient. We provided evidence that the allelic NOX1 variant R241C alone and in conjunction with the common p22phox variant Y72H affects the enzymatic function of the NADPH oxidase complex. Consequent impairment of ROS levels leads to a reduced capacity of bacterial clearance. We showed a complex formation of NOD2 with NOX1/p22phox and observed a genotype-dependent dysregulation of proinflammatory signaling pathways in response to MDP. We conclude that the patient\'s variants in NOX1/p22phox predisposed him to disturbed intestinal epithelial barrier function.

DISCUSSION {#s3}
==========

Whole-exome sequencing and WGS have led to the identification of rare variants in veoIBD patients that accounted for their genetic disease susceptibility ([@MCS002428LIPC72]). Here, we described a rare missense mutation in the NAPDH oxidase NOX1 (p.R241C) in a veoIBD trio comprising mother, father, and their affected son. We thereby add an additional *NOX1* variant to the number of seven recently reported rare *NOX1* mutations in veoIBD patients (p.I67M, p.N122H, p.R287Q, p.Q293R, p.P330S, p.Y470H, and p.T497A) ([@MCS002428LIPC28]; [@MCS002428LIPC64]). Although a common NOX1 variant p.D360N, with a mild loss-of-function phenotype, has recently been associated with UC in Ashkenazi Jewish males, the same variant was not associated with sporadic IBD in a large Caucasian cohort ([@MCS002428LIPC28]; [@MCS002428LIPC64]). Because of the presence of a relatively high load of rare variants with a strong loss-of-function effect, it is likely that even the penetrance of these variants might be incomplete ([@MCS002428LIPC64]). Similar to the situation in the *DUOX2* gene ([@MCS002428LIPC61]), this could be because of a functional compensation or context-specific modifiers---for example, a second variant in another IBD risk gene (second hit hypothesis) ([@MCS002428LIPC64]).

In addition to the *NOX1* variant, our patient inherited a common variant in the *CYBA* gene, encoding the p.Y72H variant of p22phox, which is a component of the functional epithelial NOX1 as well as phagocytic NOX2 complexes. The Y72H polymorphism of p22phox was first described in chronic granulomatous disease (CGD) ([@MCS002428LIPC17]) and was suggested to be linked to impaired superoxide generation ([@MCS002428LIPC78]). This is interesting in the present context, because colitis, as observed in veoIBD patients, often resembles the intestinal manifestation of CGD. So far, the p22phox Y72H variant was not linked to veoIBD even though a promoter SNP in *CYBA*, encoding p22phox, was identified by [@MCS002428LIPC16] in a veoIBD cohort. In our case, however, the clinical suspicion of CGD was ruled out after a normal nitroblue tetrazolium (NBT) test indicated that the p.Y72H variant did not impair ROS generation in PBMCs. Because the Y72H polymorphism is a common variant, it is unlikely that it represents a bona fide veoIBD risk gene. From our functional data, however, we assume that the specific genetic combination of the p22phox Y72H and the rare R241C NOX1 variant could be of importance in the patient described here. This is supported by our finding, in which combined expression of the variants exceeded the additive effect of the individual mutations on antibacterial activity, arguing for a synergistic interaction.

Furthermore, genetic variants that couple ROS deficiency to the pathogenesis of veoIBD were described in several other members of the NADPH oxidase complex family ([@MCS002428LIPC48]; [@MCS002428LIPC51]; [@MCS002428LIPC16]; [@MCS002428LIPC28]; [@MCS002428LIPC56]; for review, see [@MCS002428LIPC54].

In contrast to neutrophilic NOX2, NOX1 activity is primarily found in nonphagocytic cells, especially in the intestinal epithelium ([@MCS002428LIPC68]; [@MCS002428LIPC6]). Intestinal epithelial ROS production exerted by NOX1 was implicated in several mechanisms contributing to the maintenance of intestinal epithelial barrier function. The suggested mechanisms include gut epithelial proliferation by symbiotic lactobacilli ([@MCS002428LIPC30]), goblet cell numbers, and postmitotic differentiation ([@MCS002428LIPC14]) as well as wound healing ([@MCS002428LIPC39]). Although these processes clearly affect the composition of the host microbiome and cross talk between commensal bacteria and pathogens, studies on the impact of NOX1 on intestinal microbial communities are still lacking. [@MCS002428LIPC61] used p22phox-deficient mice to demonstrate that the inactivation of epithelial NOX1 leads to an enrichment of H~2~O~2~-producing gut commensals. Evidence that the intestinal microbiota induces both NOX1 and p22phox expression in the small and large intestine comes from studies investigating germ-free versus conventionally raised mice ([Supplemental Fig. S4](http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a002428/-/DC1); [@MCS002428LIPC37]; [@MCS002428LIPC27]; [@MCS002428LIPC66]) (data retrieved from a publicly accessible database, <http://microbiota.wall.gu.se>). These findings are in line with our data showing that NOX1 and p22phox levels are up-regulated in response to stimulation with the NOD2 elicitor MDP. Notably, multiple components of the NADPH oxidase complex, including NCF1, CYBB, and NOXA1, have been identified as positive regulators of the NOD2 signaling pathway in a genome-wide siRNA screen ([@MCS002428LIPC76]). Likewise, our group previously reported that NOD2 is involved in ROS generation via the NADPH oxidase DUOX2 ([@MCS002428LIPC44]), thereby indicating an extensive cross talk between NOX-mediated ROS production and MDP-induced NOD2 signaling. Here, we demonstrated colocalization of NOX1, p22phox, and NOD2, a physical interaction between p22phox and NOD2, and positive regulation of NOD2-mediated NF-κB activation in the presence of NOX1 and p22phox. Thereby, we added further evidence for to the interconnection of the two innate immune mechanisms.

The effect of the genetic variants detected in our veoIBD patient could be explained by a synergistic effect of the two missense variants that potentiates the failure in ROS production and antibacterial activity culminating in impaired epithelial innate defense mechanisms as suggested by [@MCS002428LIPC28]. In addition, given the fact that mutations in NOD2 are associated with CD (for review, see [@MCS002428LIPC63]), and that functional NOD2 signaling is crucial for the maintenance of immune homeostasis (for review, see [@MCS002428LIPC59]), it is likely that the loss of NOX1/p22phox-mediated positive regulation of NOD2 signaling in the patient contributed to dysbalanced mucosal homeostasis. The finding that the LRR and NBD domain of NOD2 are required to interact with the transmembrane p22phox is consistent with previous findings linking functional NOD2 signaling to the membrane ([@MCS002428LIPC7]; [@MCS002428LIPC45]). Thus, in the patient, who is also heterozygous for the NOD2 loss-of-function variant G908R, protective NOD2 signaling is compromised in two ways: (i) an impairment in NOD2 function due to the G908R variant in the LRR domain and (ii) the ROS-induced NOD2 activation via the p22phox-NOD2 interaction is abrogated by loss-of-function variants in the NADPH oxidase complex. Presumably, these effects are additive, resulting in the observed phenotype. This assumption is substantiated by reports linking the veoIBD risk genes *TRIM22* and *XIAP* to altered NOD2 signaling. Variants in TRIM22 were shown to disrupt NOD2-dependent activation of interferon-β signaling and NF-κB ([@MCS002428LIPC42]). Likewise, XIAP deficiency in veoIBD patients is characterized by impaired NOD2 function ([@MCS002428LIPC77]; [@MCS002428LIPC3]; [@MCS002428LIPC80]; [@MCS002428LIPC13]). Furthermore, NF-κB activation downstream from NOD2 activation includes ubiquitination of the NF-κB essential modulator (NEMO) ([@MCS002428LIPC1]) and variants in NEMO are associated with monogenic form of early-onset IBD ([@MCS002428LIPC55]; [@MCS002428LIPC12]).

Taken together, our study demonstrates that genetically attenuated ROS production by NOX1 and p22phox variants impairs innate immune defense mechanisms, including protective NOD2-dependent responses. Our case reflects a typical scenario of genetic diagnosis in rare diseases, where independent cases carrying exactly the same mutation are usually hard to find. It also demonstrates the usefulness of functional tests to demonstrate the biological impact of newly detected mutations on known disease pathways. Future efforts are required to develop and implement individualized treatment options that aim for the restoration of defective ROS production and the recovery of an effective innate host response.

METHODS {#s4}
=======

Study Design {#s4a}
------------

### Whole-Genome Sequencing {#s4a1}

After DNA extraction, long mate-pair and paired-end libraries were generated and sequenced on the SOLiD system. Bioscope (Applied Biosystems) was used to map the raw data against the human hg18 reference sequence and to call single nucleotide variants (SNVs) and indels (i.e., insertions and deletions). Variants were annotated using in-house scripts.

Using the WGS data, we assessed the geographic origin of all three trio members drawing upon an SNV-based PCA of 1296 individuals from 11 HapMap populations ([@MCS002428LIPC29]), using 41,163 SNVs shared between subjects. PCA was performed using the Eigensoft ([@MCS002428LIPC57]) with default settings and involving genotype data downloaded from the HapMap ftp site (<http://hapmap.ncbi.nlm.nih.gov/downloads/genotypes/2009-01_phaseIII/plink_format/>).

### Whole-Exome Sequencing {#s4a2}

The three samples were enriched using the Illumina Nextera Extended Exome Enrichment kit and DNA was sequenced in a single NextSeq run. The 2 × 150-bp reads were mapped against human reference genome build hg19 using BWA ([@MCS002428LIPC40]) v0.5.9, sorted, converted to bam format and indexed with SAMtools ([@MCS002428LIPC41]) v0.1.8, followed by the removal of PCR duplicates with Picard v1.55 (<http://picard.sourceforge.net>). Local realignment around indels and base quality score recalibration were performed with the GATK ([@MCS002428LIPC49]) v1.2-60 according to their best practice recommendations followed by multisample variant calling and variant quality score recalibration. ANNOVAR ([@MCS002428LIPC75]) was then used for annotation, allowing for variant filtering based upon frequency, functional consequence, location in candidate genes and the output of several prediction tools. Potential de novo mutations were identified using VarScan ([@MCS002428LIPC35]) trio de novo analysis with subsequent visual inspection of the alignment in the integrative genomics viewer (IGV) ([@MCS002428LIPC62]).

Cell Culture, Reagents, and Transfection {#s4b}
----------------------------------------

HEK293 and Caco-2 cells were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ). HEK293 cells were maintained in DMEM containing 10% (v/v) fetal calf serum (FCS). Caco-2 cells were maintained in MEM containing 20% (v/v) FCS. Cells were kept at 37°C with 5% CO~2~. Recombinant TNF-α was purchased from ImmunoTools, muramyl dipeptide (MurNAc-L-Ala-D-isoGln, MDP) from Bachem and diphenyleneiodonium chloride (DPI) from Sigma. p22phox (rb) antibody was purchased from Santa Cruz (sc-20781), NOD2 (rb, ms) antibodies from Novus Biologicals (rb: NB 500--253, ms: NB 100--524), Anti-Flag (ms) from Sigma (F1804), Anti-DDK (ms) from Origene (TA50011-100), Anti-GFP (rb) from BD (632377), Anti-IκBα (rb) from CST (2859) and Rabbit TrueBlot from Life Technologies (18-8816-33). All HRP-conjugated secondary antibodies were obtained from TH Geyer (ms: NA931V). AF-488-(A21206, A11055), AF-555-(A31570, A31572), and AF633-(A21082, A21052) conjugated secondary antibodies were purchased from Invitrogen. Transfections were performed using Fugene6 according to manufacturer\'s instructions (Roche).

Plasmids and Mutagenesis {#s4c}
------------------------

Plasmids encoding the full-length wild-type coding sequences of NOX1 and p22phox were purchased from Origene (pCMV6-NOX1 \[NM007052, \#RC210426\] and pCMV6-CYBA \[NM000101, \#RC2007069). The Q5 Site-Directed Mutagenesis Kit (NEB) was used to generate mutated NOX1 p.R241C (corresponding to rs142303829 allele C721T) and p22phox p.Y72H (corresponding to rs4673 allele T214C). The following primers were used: pNOX1_f: GAGTCATCCTtGCAAGTGTGC, pNOX1_r: TCATTCATGCTCTCCTCTG, pCYBA_f: GGGACAGAAGcACATGACCGC, pCBYA_r: CAGCGCTCCATGGTGGAG. Mutations were verified by Sanger sequencing. NOD2 plasmid (pcDNA3-NOD2) was kindly provided by G. Nunez (Ann Arbor, MI). EGFP-NOD2 fusion protein was generated by inserting the NOD2 coding sequence into pEGFP-C3 vector using the HindIII and BamHI restriction sites. Expression vector for NOX1-GFP was a kind gift of E. Meccia (Rome, Italy).

ROS Assays {#s4d}
----------

ROS generation was measured using the luminol derivative L-012 (Wako), a highly sensitive chemiluminescence probe as described by [@MCS002428LIPC15]. In brief, Caco-2 cells were incubated with 500 µM L-012 for 30 min, washed with PBS, and stimulated with TNF-α. The NOX inhibitor DPI was used at 10 µM to suppress TNF-α-induced ROS generation and shows reliability of the assay. Chemiluminescence was determined before the addition of TNF-α and every 10 min thereafter. Superoxide generation was calculated as difference in luminescence intensity between baseline and *t* = 30 min.

Gentamicin Protection Assay (GPA) {#s4e}
---------------------------------

*Listeria monocytogenes* serotype 1/2a strain EGD was used for cytoinvasion assay. Bacteria were plated out onto BHI plates overnight. *Listeria* colonies were then transferred into 1 mL BHI medium and incubated overnight at 37°C for amplification of bacteria. Bacterial culture was diluted to induce a log-phase growth until OD600 = 0.6 was reached. Bacteria were washed in PBS and resuspended in cell culture media without FBS.

Caco-2 cells were incubated with *L. monocytogenes* (MOI = 100) at 37°C for 1 h. After one washing step with PBS, cells were treated with gentamicin (50 µg/mL media) for 1 h. Cells were then lysed in 50 µL 1% Triton X-100/PBS. After dilution of 1:100 in PBS, 5 µL of the lysates were plated out onto BHI plates using glass bead spread method (Rattler Plating Beads). Plates were then incubated at 37°C and 5% CO~2~ for 24 h. Colonies were counted to determine colony-forming units (CFU) of survived bacteria. CFU were normalized to protein content of Caco-2 cell lysates, as determined by bicinchoninic acid (BCA) assay (Pierce, USA).

Coimmunoprecipitation and Western Blots {#s4f}
---------------------------------------

HEK293 cells were transfected as indicated with plasmids for NOX1 (wt or R241C), p22phox (wt or Y72H), NOD2, Flag-tagged CARD-, NBD-, or LRR domains of NOD2 or vector controls. At 24 h after transfection, cells were lysed in RIPA buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.25% Na-deoxycholate, 1% NP-40, 0.1% SDS) in the presence of protease inhibitors. Proteins were pulled using Dynabeads (Invitrogen) and antibodies against p22phox, IgG control, DDK-Tag, or GFP. Precipitates were washed, eluted, and separated by SDS-PAGE. After transfer onto polyvinylidene difluoride membranes (Millipore), membranes were blocked with 5% nonfat-dried milk and probed with primary antibodies as indicated, washed, and incubated with peroxidase-conjugated secondary antibodies. Proteins were visualized using chemiluminescent substrates (ECL, Amersham Biosciences) and exposure to X-ray films (Hyperfilm, Amersham).

Transfection, NF-κB Luciferase Reporter Assay, and ELISA {#s4g}
--------------------------------------------------------

Caco-2 cells were plated in 96-well plates and transfected using Fugene 6 using 12 ng/well of pNF-κB-Luciferase plasmid (Stratagene, USA), 2 ng/well NOD2 plasmids, 28 ng/well NOX1 wt or Mut plasmids and 5 ng/well p22phox wt or Mut plasmids as indicated. Cells were either stimulated for 24 h using 100 ng/mL or 1 µg/mL MDP or left untreated. NF-κB-dependent luciferase activity was determined using a luciferase reporter gene kit (Promega, USA). Supernatants were used for determination of IL-8 levels. Luciferase activity and cytokine release were normalized to protein content, as determined by BCA assay (Pierce, USA).

Microscopy {#s4h}
----------

Caco-2 cells were seeded on coverslips and transfected as indicated. The following day, cells were washed, fixed in 4% paraformaldehyde--PBS, blocked for 1 h in 1% BSA--PBS and stained using antibodies as indicated. DAPI was used for DNA counterstaining. Images were acquired using a Zeiss AxioImager.Z1 apotome fluorescence microscope and the AxioVision Imaging software (Carl Zeiss MicroImaging Inc.). Confocal microscopy was performed using the Leica TCS SP5 AOBS confocal microscopy system equipped with a HCX PL APO CS 63x/1.2 water UV objective. Images were captured with a voxel size of 75.2 nm in sequential scan mode to exclude cross talk between channels. Different treatments within one experiment were captured with identical instrument settings. Analysis was done using Leica Application Suite AF 2.3.6 and ImageJ 1.44 (National Institutes of Health, USA) including ImageJ Plugin LOCI Bio-Formats library as published in [@MCS002428LIPC43].

Patient Samples {#s4i}
---------------

Mucosal colonic biopsies from patients with CD were extracted as previously described ([@MCS002428LIPC74]). Biopsies from healthy individuals were derived from patients without pathological conditions during colonoscopy for routine clinical evaluation. For whole-exome sequencing, DNA was extracted from whole blood of the diseased child and his unaffected parents.

Expression Analysis {#s4j}
-------------------

Taqman assays were ordered from Applied Biosystems. Total RNA (1 μg) was reverse-transcribed to cDNA according to the manufacturer\'s instructions (MultiScribe Reverse Transcriptase, Applied Biosystems). Reactions were carried out on the ABI PRISM Sequence 7700 Detection System (Applied Biosystems) and relative transcript levels were determined using GAPDH as a housekeeper marker using the standard curve method ([@MCS002428LIPC46]).

Statistical Analysis {#s4k}
--------------------

All continuous data were presented as mean ± SD estimated from at least three independent experiments and analyzed for significant group differences using a two-tailed unpaired Student\'s *t*-test. *P* values \<0.05 were considered statistically significant (\*) *P* \< 0.05, (\*\*) *P* \< 0.01, and (\*\*\*) *P* \< 0.001. GraphPad Prism5 was used for visualization.

ADDITIONAL INFORMATION {#s5}
======================

Data Deposition and Access {#s5a}
--------------------------

The reported variants were submitted to ClinVar (<https://www.ncbi.nlm.nih.gov/clinvar/>) and can be found under accession numbers SCV000864163 and SCV000864164. Raw sequencing data were not deposited because of lack of patient consent.

Ethics Statement {#s5b}
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All study-related procedures were approved by the Ethics Committee of the Medical Faculty of Kiel University (reference \#B231/98-1/13 and \#A156/03). All study participants agreed to participate by giving informed consent at least 24 h before the study.
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